Two versiconal hemiacetal acetate (VHA) reductase activities (designated I and II), which catalyzed the reaction from VHA to versiconol acetate (VOAc) during aflatoxin biosynthesis, were purified to apparent homogeneity from the cytosol fraction of the mycelia of AspergiUus parasiticus mutant NUIH-26 through the following chromatography steps: first, fractionation with ammonium sulfate and then fractionation in succession with phenyl-Sepharose, DEAE-Sepharose, Sephacryl S-300, hydroxylapatite, and Matrex gel Green A chromatography. VHA reductase I and VHA reductase II were completely separated at the end of the DEAE-Sepharose step. The apparent molecular masses of reductase I and reductase II were estimated (by gel filtration) to be approximately 390 kDa; their denaturing molecular masses were 39-and 40-kDa, respectively (by sodium dodecyl sulfate-polyacrylamide gel electrophoresis). Their pl values were 6.6 and 6.0, respectively (as determined by isoelectric focusing), and the optimal pH values were 8.0 and 9.0, respectively, although both enzymes exhibited a broad optimal pH range of between 7.5 and 9.0. The Km values of reductase I and reductase II for VHA were 35.4 and 25.4 ,uM, respectively. On the other hand, in the cell-free experiments involving either VHA reductase fraction and high-performance liquid chromatography, both (2'S)-and (2'R)-VOAc enantiomers were formed from racemic VHA and more of the 2'R isomer than the 2'S isomer was produced, indicating that the VHA reductase fractions have very similar stereospecificities to the substrate.
Aflatoxins are toxic and carcinogenic secondary metabolites produced by certain strains of the common molds Aspergillus flavus and Aspergillus parasiticus. The biosynthetic pathway of aflatoxins B1, B2, GI, and G2 has been extensively studied, so that most of it has been clarified ( Fig. 1) (2, 4-6, 12, 14, 20, 24, 26-31, 33) . The activities of the various soluble and microsomal enzymes involved in these pathways are dependent on the culture medium (26, 27, 29, 33) . Recently, several enzymes have been purified to homogeneity: O-methyltransferase (7) and 40-kDa methyltransferase (15) , which are involved in the reaction from sterigmatocystin to O-methylsterigmatocystin; norsolorinic acid reductase (3, 10) , which is involved in the reversible conversion between norsolorinic acid and averantin; and the cyclase (17, 24) that is involved in the conversion of versiconal (VHOH) to versicolorin B.
In the current study, we purified two types of the versiconal hemiacetal acetate (VHA) reductase enzymes that are involved in aflatoxin biosynthesis. Although a metabolic grid among VHA, versiconol acetate (VOAc), versiconol (VOH), and VHOH is involved in the biosynthetic pathways of aflatoxins (28), we proposed that the same reductase may catalyze the conversions between VHA and VOAc as well as those between VHOH and VOH. For this study, we designated this enzyme a VHA reductase. The activity of the VHA reductase catalyzed the conversion of VHA to VOAc in the presence of NADPH and an organic phosphorus insecticide, dichlorvos (dimethyl 2,2-dichlorovinylphosphate) (2) , which inhibits esterase activity (2) , and was found in the cytosol fraction of the mycelia ofA. parasiticus mold cultured in an aflatoxin-inducing medium. Also, significant VHA reductase activity was detected in the cytosol prepared either from molds cultured in an aflatoxin-noninducing medium or from a non-aflatoxigenic strain (28) . Furthermore, our previous report showed that this enzyme activity used both enantiomers of VHA as substrates (30) . In this study, we purified two distinct VHA reductase enzymes from A. parasiticus mold which had been cultured in an aflatoxin-inducing medium and then examined their properties.
MATERUILS AND METHODS
Microorganisms and growth conditions. For the purification of VHA reductase activity, A. parasiticus NIAH-26, a UVirradiated mutant of A. parasiticus SYS-4 (NRRL-2999), was used (32) . In a YES medium (2% yeast extract, 20% sucrose), this mold induced all enzymes to aflatoxins during the conversion of norsolorinic acid, although it produced neither aflatoxins, anthraquinone, nor xanthone precursors (26) (27) (28) (29) 33) . A. parasiticus NIAH-9, a versicolorin A-accumulating mutant that does not produce aflatoxins, was used in the preparation of standard samples of VHA and VOAc (28, 32) . Aflatoxinnonproducing wild strain Aspergillus otyzae SYS-2 (IFO 4251) was also used (28) .
For the preparation of conidiospores, either A. parasiticus or A. oryzae was grown on a malt-extract agar medium at 28°C for 1 week. The conidiospores were then collected by filtration with a 30-,um-pore-size nylon mesh. A YES liquid medium was used as an aflatoxin-inducing medium, and a YEP liquid medium (2% yeast extract, 20% peptone) was used as an aflatoxin-noninducing medium (1 The proteins that were bound to the column were then eluted with a linear gradient of 0.8 to 0 M ammonium sulfate in buffer A (300 ml), followed by elution with a linear gradient of 0 to 50% ethylene glycol in buffer A (120 ml). The VHA reductase activity was detected in the ethylene glycol gradient washes. The active fractions were collected and then loaded onto a DEAE-Sepharose CL-6B column (1.2 by 22 cm; Pharmacia LKB) that had been previously equilibrated with buffer A. The column was washed with buffer A, and the activity was eluted with a linear gradient of 0 to 0.5 M potassium chloride in buffer A (320 ml).
Active fractions from two peaks occurring around 0.12 M (VHA reductase I) and 0.3 M (VHA reductase II) of KCl, respectively, were pooled and then concentrated to 0.5 ml by ultrafiltration with a Centriprep-10 concentrator (Amicon, Beverly, Mass.). Each concentrated fraction was loaded onto a Sephacryl S-300 column (1.6 by 68 cm; Pharmacia LKB) previously equilibrated with 5 mM potassium phosphate buffer (pH 7.5) and then was eluted at a flow rate of 10 ml/h.
The active fraction of VHA reductase I was pooled and then loaded onto a hydroxylapatite column (0.8 by 7.5 cm; Nacalai Tesque, Inc.) previously equilibrated with 5 mM potassium phosphate buffer (pH 7.5) containing 10% glycerol. The column was washed with the same buffer, and the activity was eluted with a linear gradient of 5 to 150 mM potassium phosphate buffer (30 ml). The active fractions were pooled, and, in order to exchange the constituents of the buffer, the proteins were passed through a PD-10 column (Pharmacia LKB) equilibrated with buffer A. The protein solution was loaded onto a Matrex gel Green A column (0.5 by 7.0 cm; Amicon) previously equilibrated with buffer A. The column was washed with 12 ml of buffer A, and the elution was carried out at a flow rate of 3 ml/h with a linear gradient of 0 to 1.5 M potassium chloride in buffer A (30 ml) and then with a linear gradient of 0 to 50% ethylene glycol (30 ml). The purified VHA reductase I was pooled and stored at -80°C. After the Sephacryl S-300 step, the VHA reductase II fraction was directly loaded onto a Matrex gel Green A column without applying it to a hydroxylapatite column. The column was washed with buffer A, and the activity was eluted with a linear gradient of 0 to 1.5 M potassium chloride (30 ml) . The purified VHA reductase II was pooled and stored at -800C.
Enzyme assay. To detect the active fractions eluted from the columns during the purification procedure, we routinely used thin-layer chromatography. Twelve microliters of each fraction was added to the reaction mixture, containing a final concentration of 60 mM potassium phosphate buffer (pH 7.5), 10% glycerol, 4 mM NADPH, 200 ppm dichlorvos, and 60 ,M VHA. The total volume of 25 [l was placed in a 1.5-ml microtube. After incubation at 37°C for 60 min, the reaction was terminated by adding 3 jil of formic acid and mixing with a Vortex mixer. After centrifugation at 10,000 x g for 1 min, 25 ,ul of the supernatant was spotted on a silica gel thin-layer chromatography plate and the plate was developed with a solution composed of chloroform-ethyl acetate-90% formic acid (6:3:1 [vol/vol/vol]). After development, the plates were inspected under long-wavelength (365 nm) UV light, and photographs were taken to observe the fluorescence of metabolites (28) .
To examine the activity of VHA reductase quantitatively, we used chiral high-performance liquid chromatography (HPLC) (30) . The enzyme solution was added to the reaction mixture as (18) . Analyses of the pure enzymes were carried out with isoelectric focusing in an acrylamide gel tube (2 by 120 mm) containing 1% (wt/vol) Ampholine at a pH of between 3.5 and 10 (Pharmacia LKB) (25) . An isoelectric focusing calibration kit (Pharmacia LKB) was used as the standard for comparison.
The following characterization of the enzymes was carried out by using the enzyme fractions pooled after DEAE-Sepharose chromatography. To assess the pH dependency of the enzyme activity, the buffer systems employed were 0.15 M sodium acetate for pH 3.5 to 5.5, 0.15 M potassium phosphate for pH 6.0 to 8.0, and 0.15 M glycine-NaOH for pH 8.5 to 10.0. The reaction was carried out at 37°C for 10 min. To determine the configuration of VOAc produced from racemic VHA, either the VHA reductase I fraction (5.0 ,ug of protein per ml) or the VHA reductase II fraction (1.4 jig of protein per ml) was incubated with racemic VHA. The reaction products were extracted, dried, and analyzed by using a Chiralcel OJ column with a solvent system consisting of n-hexane-methanoltrifluoroacetic acid (84:16:0.2 [vol/vol/vol]) (30) . The concentration of the metabolites in methanol was determined from UV absorption spectra by using 7,250 M1 cm-' as the molar absorption coefficient for VHA (480 nm) and 8,500 M-' cm-' as the molar absorption coefficient for VOAc (453 nm). The protein concentration was determined according to Bradford's method by using bovine serum albumin as the standard (8) .
Molecular mass determination. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the method of Laemmli (16) , and the proteins were stained with a silver stain kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). To determine the molecular masses of the native enzymes, an Ultrogel AcA 34 column and a Sephacryl S-300 column were used. The cytosol fraction (0.4 ml), which had been concentrated at an 80% saturation level with ammonium sulfate, was loaded onto an Ultrogel AcA 34 column (1.25 by 56 cm) previously equilibrated with a solution containing 20 mM Tris-HCl (pH 7.5) and 0.5 M NaCl. The following molecular mass standards (Pharmacia LKB) were used to calibrate the molecular mass: dextran blue (2,000 kDa), ferritin (450 kDa), catalase (240 kDa), aldolase (158 kDa), bovine serum albumin (68 kDa), egg albumin (45 kDa), and cytochrome c (12.5 kDa).
RESULTS
Enzyme purification. Because we previously reported that significant VHA reductase activity was detected in cell-free systems prepared either from molds cultured in YEP medium or from an A. oryzae strain (28) Fig. 2 to 4 . After concentration of the protein by ammonium sulfate fractionation, the protein was loaded onto a phenyl-Sepharose column in which the reductase activity was efficiently separated from pigments and the other proteins (Fig. 2) . Two forms of VHA reductases, designated VHA reductase I and VHA reductase II, were completely separated on DEAE-Sepharose columns (Fig. 3) . Fig. 5 . VHA reductase I was pooled, concentrated, and loaded onto a Sephacryl S-300 column (Fig. 4) . A single peak of activity was eluted at approximately 390 kDa. The chromatography patterns for VHA reductase II were very similar to those for VHA reductase I, except the amount of protein was smaller. Another similarity between the two reductases is their native molecular mass, namely, the fact that the native molecular mass of VHA reductase II was also approximately 390 kDa (data not shown).
Reductase I fractions eluted from the DEAE-Sepharose column were pooled and loaded onto a hydroxylapatite column. Two peaks of proteins were separated at around 0.1 and 0.15 M potassium phosphate buffer, with the former peak corresponding to the activity (data not shown). The active pool from the hydroxylapatite column was loaded onto a Matrex gel Green A column. Although most of the other proteins did not bind to the column, the reductase activity bound to this column and then eluted almost exclusively during the gradient washes of ethylene glycol. Finally, we obtained 180 jig of the pure VHA reductase I enzyme.
On the other hand, the VHA reductase II fractions that were pooled after gel filtration chromatography were applied to a Matrex gel Green A column, because only a few proteins remained in these fractions (Fig. 5) . Reductase II activity was eluted at 1.4 M potassium chloride, yielding 9 ,ug of the enzyme. Although a faint silver-stained band was visible around 29 kDa, the main single band of the enzyme was visible at 40 kDa (Fig. 5) .
Characterization of enzymes. The purified VHA reductase I and VHA reductase II have molecular masses of 39 and 40 kDa, respectively, as determined by SDS-PAGE (Fig. 5) . The denatured molecular masses were unaffected by the coexistence of 2-mercaptoethanol in SDS-PAGE analyses (data not shown). The molecular masses of the native enzymes were estimated to be 390 kDa by Sephacryl S-300 chromatography (Fig. 4) . In order to confirm the native mass, we directly loaded the cytosol onto an Ultrogel AcA 34 column with a buffer containing 0.5 M NaCl (Fig. 6 ). The VHA reductase activity was eluted as two peaks at approximately 400 and 30 kDa. The former mass of the activity corresponded to those of VHA reductases purified in this study, whereas the latter activity was not detected in the gel filtration step during purification (Fig.  4) .
Isoelectric focusing in the range between pH 3.5 and pH 10.0 showed the pl values of the reductases to be 6.0 and 6.6, respectively. The pH profiles of the reductase activities are shown in Fig. 7 . VHA reductase I and VHA reductase II showed optimal pH values for their activities of 8.0 and 9.0, respectively, although they both showed a broad range of activities between pH 7.5 and pH 9.0. No activity was detected below pH 4.5.
Using chiral HPLC, we also measured the configuration of the VOAc produced from racemic VHA by the purified reductases. When fractions of either VHA reductase I or VHA reductase II, which had been completely separated after the DEAE-Sepharose step, were incubated with the standard sample of racemic VHA in the presence of NADPH and dichlorvos, both VOAc enantiomers were produced (Fig. 8) . However, 28% (2'S)-VOAc and 72% (2'R)-VOAC were produced from racemic VHA by VHA reductase I, and 12% We are now investigating the relationship between the enzymes in more detail by comparing the peptide mapping of the enzymes and the cross-reactivities with antibodies directed against the proteins.
On the other hand, we found a different VHA reductase activity together with the isozymes in the cytosol fraction analyzed by an Ultrogel AcA 34 column (Fig. 6) . The native mass of this enzyme was 30 kDa, and this activity was not detected during the purification (Fig. 4) . This introduces the possibility that the 30-kDa VHA reductase might be a new enzyme.
The instability of the enzymes was a major obstacle in developing an adequate purification scheme. Although VHA reductase I and VHA reductase II were purified at a maximum of 32.9-and 62.2-fold, respectively, their specific activities decreased during the step with a Matrex gel Green A column (Table 1) . While the reason for the instability is still not clear, it is generally known that enzymes tend to denature in a dilute solution. Also, the repetition of freezing and thawing affects enzyme activity. Despite these problems, we succeeded in purifying enzymes through a Matrex gel Green A column because this column is effective in enzyme purification. We successfully obtained 180 pLg of pure VHA reductase I and 9 ,ug of VHA reductase II. Aflatoxin production is dependent on the type of the carbon source contained in the culture medium (1, 19) . We previously reported that the activities of enzymes other than the VHA reductase and the esterase included in a metabolic grid were remarkably dependent on the type of carbon source contained in the medium (26) (27) (28) (29) 33 ). The present study shows that the activity of the VHA reductase was also dependent on the aflatoxin-inducing medium. Abdollahi and Buchanan reported that the initiation of aflatoxin synthesis could be blocked by treating the mold with cycloheximide or actinomycin D (1). Skory et al. reported that the accumulation of transcripts of the ver-l and nor-I genes coincided with the production of aflatoxins (23). Cleveland and Bhatnagar reported that methyltransferase, which catalyzes the conversion of sterigmatocystin to O-methylsterigmatocystin was de novo synthesized near the cessation of active mycelial growth and near the onset of aflatoxin biosynthesis (11) . Also, Payne et al. succeeded in isolating the regulatory gene for aflatoxin production (21) . These results indicate that the enzymes involved in aflatoxin biosynthesis may be regulated at the transcriptional level by at least one unknown common mechanism. Certain genes related to aflatoxin biosynthesis have recently been isolated (9, 13, 21, 22) . Although we are in the process of isolating the genes for VHA reductases, cloning and characterizing the many genes related to aflatoxin production will enable us to compare in detail the structural and functional properties of the genes involved in aflatoxin biosynthesis.
